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We consider hadronic top quark pair production and pair production in association with a photon
or a Z boson to probe electroweak dipole couplings in tb¯W , tt¯γ and tt¯Z interactions. We demonstrate
how measurements of these processes at the 13 TeV LHC can be combined to disentangle and cons-
train anomalous dipole operators. The construction of cross section ratios allows us to significantly
reduce various uncertainties and exploit orthogonal sensitivity between the tt¯γ and tt¯Z couplings. In
addition, we show that angular correlations in tt¯ production can be used to constrain the remaining
tb¯W dipole operator. Our approach yields excellent sensitivity to the anomalous couplings and can
be a further step towards precise and direct measurements of the top quark electroweak interactions.
I. INTRODUCTION
The dynamics of top quark production and decay have
been extensively studied at hadron colliders. Early mea-
surements at the Tevatron have taught us about the pro-
duction mechanism of heavy quarks pairs in Quantum
Chromodynamics (QCD) and later evolved into precisi-
on measurements of the top quark mass, spin correlati-
ons and the forward-backward asymmetry [1, 2]. Similar
measurements have been performed during Run-I of the
Large Hadron Collider (LHC) which superseded earlier
results at an impressive pace [3, 4]. A myriad of measu-
rements has profoundly shaped our understanding of top
physics in the Standard Model (SM) and it led to strong
exclusion bounds on new physics.
Despite this progress, our understanding of the elec-
troweak interactions of the top quark (i.e. its coupling to
electroweak gauge bosons and the Higgs boson) is rather
limited. The main reasons are the high production thres-
holds of the tt¯ + X processes, small branching fractions
and large backgrounds. First measurements and searches
at 7 TeV and 8 TeV LHC have established some of these
SM processes [5–13], but detailed studies of electroweak
couplings will only be possible with a larger data set at
higher energies during Run-II. These studies will certain-
ly improve our understanding of top interactions with the
electroweak sector and potentially probe physics beyond
the SM.
The flavor-changing tb¯W interaction is the best-known
top quark coupling as it is experimentally accessible
through top quark decays in tt¯ production and single-
top quark processes. This is reflected by precise measu-
rements of W helicity fractions and top quark spin cor-
relations [14–17] which can be translated into bounds on
anomalous couplings. All other electroweak interactions
of the top quark with the Z, γ and the Higgs boson are
much less explored. For example, the top quark electric
charge, which governs the coupling strength of the vector-
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like tt¯γ interaction, is known to be Qt = +2/3 with a
confidence level larger than 5σ [18–21]. However these
determinations were obtained from measuring the elec-
tric charges of W boson and b-jet in tt¯ production, in-
ferring Qt=QW +Qb. A hard photon was never present
in the event sample and the fundamental tt¯γ interaction
was not probed. Similarly, current LHC data only allows
constraints on the vector and axial parts of the tt¯Z vertex
with O(100%) uncertainties [12], while the respective di-
pole couplings are unconstrained from hadron collider ex-
periments. We note that low-energy observables, such as
rare K and B decays [22–24], together with electroweak
precision data [25–28] can provide strong constraints on
modified tt¯Z interactions. However, these fairly indirect
probes are based on either Z → bb¯ decays or highly off-
shell top quarks and Z bosons in b→ sZ∗/γ∗ transitions
which rely on additional assumptions on the new physics
and are prone to hadronic uncertainties.
This immediately motivates precise studies of the final
states tt¯+Z/γ/h, which yield direct sensitivity to the de-
sired couplings. The commencing Run-II of the LHC with
a collision energy of 13 TeV will, for the first time, pro-
duce sufficiently many events to enable coupling studies.
The two final states considered in this paper, tt¯+ γ and
tt¯+Z(→ ``), with semi-hadronically decaying top quark
pairs, have typical fiducial cross sections of ∼ 400 fb and
5 fb, respectively. Hence, we expect about 40,000 tt¯γ and
500 tt¯Z events from 100 fb−1 of integrated luminosity.
Anomalous electroweak top quark coupling studies
using these processes have been presented in Refs. [29–
49]. For example, the TopFitter collaboration [45] most
recently combined various top quark measurements from
the Tevatron and the LHC to present a global fit. In
Ref. [36] the authors study dedicated differential observa-
bles to probe CP violating top quark decays. Anomalous
coupling studies that go beyond the leading-order have
been presented in Refs. [37, 42, 44, 46, 47]. In this work,
we go beyond previous studies by combining observables
from tt¯, tt¯+ γ and tt¯+Z to investigate sensitivity to the
three electroweak dipole operators which enter simulta-
neously in these processes. We construct cross section
ratios to cancel correlated uncertainties and investigate
angular asymmetries of the top quark decay products to
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Tabelle I: Contribution of dimension-six Wilson coefficients to various vertices appearing in tt¯, tt¯+ γ and tt¯+ Z production.
boost sensitivity to possible effects of new physics.
II. SETUP
In the SM, the fundamental interaction vertices of elec-
troweak vector bosons with fermions are given by
ΓSMq′qV = q¯
′ γµ
(
dVL PL + d
V
RPR
)
q εVµ , (1)
where V = γ, Z,W± and PL,R are the left and right-
handed chirality projectors. The respective couplings
dVL,R are fixed by the quantum numbers and gauge sym-
metries of the SM, see for example Ref. [50]. In this
work, we focus on additional contributions from anoma-
lous electroweak dipole moments in the top quark sector.
Their coupling structure is given by
δΓq′qV = q¯
′ iσ
µνkν
mt
(
gVL PL + g
V
RPR
)
q εVµ , (2)
where σµν = i/2 [γµ, γν ], k = pq − pq′ and gVL,R are the
dipole couplings. The SM has no such interactions at
tree level, but electroweak loop corrections radiatively
generate dipole moments. Their size is well below 1 per-
mille [51–53] which makes them inaccessible by LHC ex-
periments. Hence, any sizable deviation from zero will
indicate an anomalous interaction from physics beyond
the SM. In order to understand how deep the new physics
scales can be probed, we investigate the effects of Eq. (2)
on physical observables.
Various well-motivated models of new physics [53–59]
predict sizable top quark dipole moments. In this work,
we adopt a model-independent approach and assume that
the new physics is CP conserving and respects the full SM
gauge symmetry. We use the effective field theory para-
meterization of Ref. [50] in terms of higher dimensional
operators Ldim6 = ∑i Ci/Λ2Oi and a new physics scale
Λ. The relevant operators in our analysis are
O33uW =
(
q¯Lσ
µντ ItR
)
H˜W Iµν , (3)
O33dW =
(
q¯Lσ
µντ IbR
)
HW Iµν , (4)
O33uBφ = (q¯LσµνtR) H˜Bµν , (5)
where H˜ = i τ2H∗, H = (0, h + v)/
√
2 is the Higgs
boson doublet with the vacuum expectation value v =
246 GeV. Bµν(W
I
µν) is the U(1)Y(SU(2)L) gauge field
signal strength and I is adjoint SU(2)L index. qL =
(tL, bL), bR(tR) are the quark left-handed doublet and
bottom (top) right-handed singlet, respectively. Using the
parameterization of Eq. (2) and the operators in Eqs. (3)–
(5) we find
gW
−
L = g
W+∗
R = −
emt
sWMW
v2
Λ2
C33∗dW , (6)
gW
−
R = g
W+∗
L = −
emt
sWMW
v2
Λ2
C33uW ,
gγL = g
γ∗
R = −
√
2mt v
Λ2
(
cWC
33∗
uBφ + sWC
33∗
uW
)
,
gZL = g
Z∗
R = −
emt v
2
√
2sWcWMZΛ2
(
cWC
33∗
uW − sWC33∗uBφ
)
,
where e is the electric coupling and sW (cW) is si-
ne (cosine) of the weak mixing angle. We emphasize that
since the various dipole couplings in tb¯W , tt¯γ/Z are re-
lated via the underlying SU(2)×U(1) gauge invariance,
the coupling degrees of freedom are reduced to only three
Wilson coefficients C33uW , C
33
dW and C
33
uBφ. In the expres-
sion for g
γ/Z
L,R , we see the characteristic weak mixing angle
rotation between C33uW and C
33
uBφ which will be responsi-
ble for the orthogonal constraints that we find in tt¯ + γ
and tt¯+ Z production below.
At this point we note that there is one more allowed
Lorentz-structure in addition to Eq. (2), which is relevant
for our analysis,
δΓq′qV V ′ = q¯
′ iσµν
(
gV V
′
L PL + g
V V ′
R PR
)
q εVµ ε
V ′
ν . (7)
This four-point vertex enters our calculation only in one
specific place: the radiative top quark decay t→ bW + γ
of the tt¯γ final state. In a complete description of tt¯γ
production, the photon can arise from either the hard
production stage (before the top quarks go on-shell), or
the top quark decay stage (after one top quark went on-
shell). The latter part constitutes more than 50% of the
total tt¯γ cross section [60] and receives contributions from
Eq. (7). It is therefore crucial to account for this contribu-
tion in the analysis of tt¯γ final states1. The two additional
1 The effects from radiative top quark decays are irrelevant for
the tt¯ + Z process because the decay t→ bW + Z is suppressed
by a phase space factor of 10−6.
3dipole couplings in Eq. (7) are given by
gW
σγ
L,R = (−e)σ gW
σ
L,R , (8)
where σ = ±1 is the electric charge of the respective W
boson. In Table I we summarize the anomalous coeffi-
cients considered in our analysis and their appearance in
various interaction vertices.
The up-to-date hadron collider bounds on the Wilson
coefficients of Eqs. (3–5) are summarized in Ref. [45] and
found to be
C33uW ∈ [−4.0, 3.4] (Λ/TeV)2, (9)
C33uBφ ∈ [−7.1, 4.7] (Λ/TeV)2 (10)
at 95 % confidence level (CL). Note that in order to infer
the bound on C33uW , the contributions of all other top-
related dimension six operators were marginalized, while
for C33uBφ, it was assumed that the only new physics con-
tribution is from O33uBφ. Finally, in Ref. [32] we find that
C33dW ∈ [−2.3, +2.3] (Λ/TeV)2, (11)
at 95 % CL. Note that flavor violating contributions
from O33uBφ can be avoided by alignment to the up sector
in flavor space. In that limit, O33uW induces an irreducible
source of flavor violation in the charged current, which
is however suppressed by off-diagonal CKM matrix
elements, for a more detailed discussion see Ref. [61].
Alignment to the down basis will reduce flavor violation
originating from O33dW , see also the discussion in Ref. [62].
In a strict 1/Λ2-expansion within an effective field
theory even more operators contribute to the processes
considered here. For example, the operator ¯`γµ` t¯γµt can
enter the tt¯ + Z(→ ``) process. However, these opera-
tors do not exhibit a Breit-Wigner peak structure such
as the rest of the amplitude and contribute as a fairly con-
stant function of m`` around the Z boson mass window
of ±10 GeV, see e.g. Fig. 5 in [38]. Hence, their interfe-
rence at O(Λ−2) integrates to zero and only their squared
contribution at O(Λ−4) survives. We therefore neglect all
operators with fermionic contact interactions. Potential
contributions from chromo-magnetic and chromo-electric
dipole moments can enter our processes through anoma-
lous top-gluon couplings. However, in this work, we as-
sume that QCD is unaltered by new physics and we do
not consider chromo-dipole moments. If QCD is truly
non-fundamental, these anomalous interactions are best
searched for in jet processes, gg → H or tt¯ production,
see e.g. Ref. [63].
Besides dipole interactions, also the strength of
the tt¯Z and tb¯W vector and axial couplings can be
altered by new physics. In this work we assume their
SM value which is a restrictive assumption on new
physics scenarios. Let us therefore comment on possible
strategies for a broader analysis in future extensions of
our work. One straight-forward solution is to consider
the full space of couplings in a 6-dimensional analysis
(anomalous vector and axial-vector couplings introduce
three more operators to the ones considered here [50]).
This approach might however be challenging given the
large number of degrees of freedom and the limited
number of events. Another solution may be a careful
analysis of kinematics in sequential steps: (i) A first
analysis of the process pp → tt¯ + γ can yield infor-
mation on the dipole moments. Anomalous vector or
axial-vector couplings cannot develop thanks to gauge
symmetries. (ii) Any deviation in tt¯ + γ immediately
predicts anomalies in the pp→ tt¯+Z process, as can be
seen from Eq. (6). In Ref. [44] it has been shown that
dipole couplings most prominently manifest in energy
related contributions such as pT,Z . Hence, any remaining
discrepancy from anomalous vector and axial-vector
couplings can be detected in angular distributions, such
as ∆φ``, which are sufficiently independent of energies.
(iii) Once anomalous dipole couplings in tt¯ + γ/Z are
established, only one remaining dipole operators in
tb¯W interactions remains and can be constrained as
outlined in Sect. IV. Additional anomalous vector and
axial couplings in the tb¯W interaction can then be
constrained by relating analyses of top quark pair and
single-top quark production qb→ W → q′t [32]. Finally,
we note that scenarios of large CP-violating electric
dipole moments have been extensively studied in the
literature [54, 56, 64–66]. These effects arise through CP
violation in loop contributions and we expect them to
similarly affect the magnetic dipole moments.
Our description of the processes tt¯, tt¯+γ and tt¯+Z(→
``) treats top quarks in the narrow-width approximation
and includes the full decay chain of the top quarks into
a single lepton plus jets final state. All spin-correlations
are retained. In tt¯+ γ final states, the photon is allowed
to be emitted in the top quark production stage as well
as in the decay stage (including the W and W decay
products). The Monte Carlo simulation is based on the
TOPAZ code [67] developed in Refs. [42, 44, 68], which
we extended to handle all anomalous couplings needed in
this analysis. If not otherwise stated, we use the following
generic selection cuts for the tt¯, tt¯+γ and tt¯+Z processes
p`⊥ ≥ 20 GeV, |y`| ≤ 2.5, Emiss⊥ ≥ 20 GeV,
pj,b⊥ ≥ 20 GeV, |yj | ≤ 2.5, |yb| ≤ 2.0. (12)
Jets are defined by the anti-kT jet algorithm [69] with
R = 0.4. In addition, for tt¯+Z production we require an
invariant mass cut of |m``−MZ | ≤ 10 GeV. For tt¯+γ we
require the isolation cuts Rγj = Rγ` = 0.4 for photons
with pγ⊥ ≥ pγ⊥,cut = 20 GeV and |yγ | ≤ 2.5. In accordance
with the findings at NLO QCD [44, 60], we set the central
renormalization and factorization scales to µ = mt for tt¯
and tt¯ + γ production, and µ = mt + MZ/2 for tt¯ + Z
production. We use NNPDF3.0 [70] parton distribution
functions, mt = 173.2 GeV, MZ = 91.1876 GeV, MW =
80.399 GeV, GF = 1.16639 × 10−5 GeV−2, and use α =
1/137 in the tt¯γ process.
4III. CROSS SECTION RATIOS
In the following we study the sensitivity of different
cross section ratios to the anomalous dipole couplings.
Ratios of observables have the advantage that leading
uncertainties on e.g. αs and parton distribution functi-
ons (PDFs) largely cancel. Even higher order correcti-
ons are expected to cancel to some extent, provided that
the cross sections are probed in similar regions of phase
space. Experimental uncertainties related to luminosity
and jet energy scales drop out in the ratio, as well.
A similar idea of employing ratios has been presented
in Ref. [71] for measuring the top quark Yukawa coup-
ling at the 100 TeV Future Circular Collider. The aut-
hors consider the cross section ratio of tt¯+H over tt¯+Z
and demonstrate that a precision of 1% can be reached.
This certainly extreme precision is obtained thanks to
the kinematic similarities of the two processes and the
enormous event rate at a 100 TeV collider. Hence, in the
context of this work it seems suggestive to study the ra-
tio σtt¯Z/σtt¯γ . Yet, we refrain from doing so and instead
construct two ratios
Rγ = σtt¯γ
/
σtt¯, RZ = σtt¯Z
/
σtt¯, (13)
with respect to the tt¯ cross section. This allows to benefit
from the large σtt¯ cross section which has almost no stati-
stical uncertainties. Moreover, we will find that σtt¯Z and
σtt¯γ have orthogonal dependence on the anomalous coup-
lings which is distinctly exposed in the ratios of Eq. (13).
Of course, it is no longer given that uncertainties cancel
in these ratios because the tt¯+γ/Z and tt¯ processes pro-
be very different energies and phase spaces. For example,
using the cuts in Eq. (12) we find at leading order an
average center-of-mass energy of 〈Eˆ〉 ≈ 525 GeV for the
tt¯ process, but 〈Eˆ〉 ≈ 630 GeV and 860 GeV for tt¯ + γ
and tt¯ + Z, respectively. Hence, the parton distribution
functions are evaluated at significantly different values
of Q2 and a cancellation of uncertainties is not guaran-
teed. We circumvent this issue by applying additional
(mild) invariant mass cuts on the two tt¯ cross sections in
Eq. (13) to increase the average center-of-mass energy.
In particular, we request mtt¯ ≥ 470 GeV for σtt¯ in Rγ ,
and mtt¯ ≥ 700 GeV for σtt¯ in RZ . We verified that the
average center-of-mass energy in these two tt¯ processes
matches the one of the respective tt¯ + γ/Z process. We
note that the experimental reconstruction of the tt¯ invari-
ant mass is known to involve large systematic errors. One
could therefore worry how this affects the above mentio-
ned cut on mtt¯ and how it may spoil the cancellation
of uncertainties in the cross section ratios. We therefore
investigated variations of this cut and its impact on the
ratios Rγ and RZ . While the absolute values obvious-
ly change with different values of the cut, we find that
our uncertainty estimates presented below are complete-
ly unchanged. Even in the extreme case where we remove
the mtt¯ cuts entirely, our conclusions remain the same as
presented below.
To explicitly quantify cancellations of uncertainties in
the ratios, we evaluate the cross sections at NLO QCD
and study variations of parton distribution functions.
This also allows us to obtain error estimates that will
be important when estimating sensitivity to the dipole
couplings. We partially use results from the NLO QCD
computations of tt¯ + γ and tt¯ + Z in Refs. [42, 60] and
recompute the NLO tt¯ cross sections with the same input
parameters and the above mentioned cut onmtt¯. The hig-
her average center-of-mass energy of the tt¯ cross sections
also calls for adapting the renormalization and factoriza-
tion scales. We find it natural to choose µ = mt + p
γ
⊥,cut
and µ = mt + MZ/2 for the two tt¯ cross sections in
Eq. (13), respectively. Using this setup, we find
RSMγ × 10−3 =
{
11.4−0.7%+0.7% at LO,
12.6+3.1%−1.8% at NLO QCD,
(14)
RSMZ × 10−4 =
{
2.27−1.7%+2.0% at LO,
1.99−1.9%+2.8% at NLO QCD.
(15)
The upper (lower) values correspond to the lower (upper)
scale variation by a factor of two around the respective
central scale. We observe a scale dependence of ±1% and
±2% at LO for Rγ and RZ , respectively. These values
are slightly increased to ±(2 − 3)% at NLO QCD. This
constitutes a remarkable stability with respect to scale
variation when compared to the cross sections themselves
which exhibit a dependence of about ±20% at NLO. It
should be noted that the LO scale variation is far outside
the NLO result. This is to be expected as αs(µR) cancels
exactly and the only remaining source of scale depen-
dence arises from unmatched q2-dependence in the par-
ton distribution functions. Only our NLO results develop,
for the first time, logarithms of the scales with process-
dependent coefficients that yield a good error estimate.
Hence only the NLO result should be considered a phy-
sical meaningful prediction. For our coupling constraints
below we will choose the largest value of the NLO sca-
le variation, ∆RZ/γ = 3%, as our uncertainty for both
ratios.
Given the fiducial cross sections of about ∼ 5 (400) fb
for tt¯Z (tt¯γ) production, the statistical error is expec-
ted to be sub-dominant after an integrated luminosi-
ty of about 250 fb−1. This argument is supported by a
first measurement of Rγ by the CMS collaboration [5] at
8 TeV. They find the value Rγ(8 TeV) = 10.7 × 10−3 ±
6.5%(stat.) ± 25%(syst.) from an integrated luminosity
of 19.7 fb−1. The dominant systematics arise from back-
ground modeling (±23%) which have the potential to be
improved in future analyses.
We also investigate uncertainties from parton distribu-
tion functions and find the following results from using
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Abbildung 1: Cross section ratios Rγ (left) and RZ (middle) normalized to their SM values (RSMγ/Z) as a function of the
anomalous dipole operator couplings. The contours show the deviation from the SM value in steps of 3, 6 and 9 percent. On
the right we show the 1, 2, 3σ contours from combining Rγ and RZ with an assumed uncertainty of ∆RZ/γ = 3%.
three different sets of parton distribution functions:
RLOγ × 10−3 =

11.5 with NNPDF3.0 [70],
11.4 with CTEQ6L1 [72],
11.5 with MSTW08 [73],
(16)
RLOZ × 10−4 =

2.29 with NNPDF3.0,
2.27 with CTEQ6L1,
2.27 with MSTW08.
(17)
We observe very stable results with variations at the level
of 1%, which have to be compared to ±10% variations on
the cross sections themselves. Again, we find confirmation
that the ratios are true precision observables.
Finally, let us briefly comment on the impact of elec-
troweak corrections. Compared to the QCD corrections,
they are expected to be much less universal for the
tt¯ and tt¯ + γ/Z processes. Hence, on the one hand, a
cancellation is most likely incomplete. On the other
hand, the electroweak corrections on the cross sections
are known to be in the few percent range (O(α)) [74, 75].
This leads to a (minor) shift in the absolute values of
the ratios but it does not at all affect our estimate of
uncertainties.
Let us now turn to studying the effects of anomalous
electroweak dipole moments on the cross section ratios.
Given two (pseudo-)observables, Rγ and RZ , we inves-
tigate their dependence on the Wilson coefficients C33uW
and C33uBφ (neglecting operator mixing and running from
beyond the LO). The remaining coefficient C33dW we ex-
amine through angular asymmetries in tt¯ production in
the following section. Since only total cross sections enter
this analysis, we are not sensitive to the tail of energy-
related distributions where possible issues with unitari-
ty violating EFT operators could appear. We vary the
numerical values of C33uW and C
33
uBφ between [−4, 4] in
steps of 1 and compute 81 LO cross sections for each of
the tt¯, tt¯ + γ and tt¯ + Z processes. We then perform a
two-dimensional analytic fit of the ratios to present our
results. Figure 1 shows the deviation of the anomalous
ratios from the SM value for tt¯γ on the left and tt¯Z in
the middle. These two plots strikingly show the orthogo-
nal dependence of the two ratios on the dipole couplings.
This is a consequence of the already mentioned sW ro-
tation pattern of gγ,ZL,R in Eq. (6). The white (dark green)
bands in left and middle plot of Fig. 1 indicate the pa-
rameter spaces where the anomalous cross section ratios
deviate from the SM by less than the assumed 1 (2) stan-
dard deviation of the assumed uncertainty. Hence, all an-
omalous couplings outside the dark green bands can be
excluded if the measurement is in agreement with the SM
at the 2σ level. In the third plot, on the right of Fig. 1,
we show the combination of the two constraints using a
naive χ2 combination. This noticeably leads to a striking
improvement of the constraints as the orthogonal depen-
dence on the Wilson coefficients allows us to complete-
ly bound the parameter space without a blind direction.
We note that these projected bounds are stronger by fac-
tors of 2-3 compared to the current bounds from 7 and
8 TeV cross section measurements. Moreover, a better
understanding of the anomalous pp→ bb¯`νjj+γ process
beyond the LO will further improve these results. Such
a calculation is currently not available and we refer to
future work.
IV. ANGULAR ASYMMETRIES IN tt¯
PRODUCTION
In this section we expand and complement the cons-
traints obtained from tt¯ + γ and tt¯ + Z in the previous
section. We make use of large tt¯ cross section at the LHC
to define asymmetries of angular distributions from the
top quark decay products in order to constrain the re-
maining Wilson coefficient C33dW , and to over-constrain
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and Aα.
C33uW . As before, we use the lepton+jet final state of the
tt¯ system. Similar ideas have been presented in Ref. [31],
which puts more emphasis on probing the complex pha-
ses of the anomalous couplings. Here, we consider the two
angles, defined by
cos θ∗` =
~ˆp` · ~˜pW
|~ˆp`| |~˜pW |
, cosα =
~pt · ~˜pW
|~pt| |~˜pW |
, (18)
where ~ˆp` is the lepton momentum in the correspondingW
rest frame, ~˜pW is the W momentum in the corresponding
top quark rest frame, and ~pt is the top quark momentum
in the laboratory frame. Their kinematic distributions are
shown in Fig. 2 for the SM and two anomalous coupling
choices. From these distributions we construct asymme-
tries
Aφ(c0) =
σ(cosφ < c0)− σ(cosφ > c0)
σ(cosφ < c0) + σ(cosφ > c0)
, (19)
and use Aθ∗` (−0.1) and Aα(0.0) to maximize their va-
lue in our analysis. We evaluated the SM asymme-
tries at NLO QCD and find perturbative shifts of only
O(+0.5%). In our coupling analysis below we will assu-
me a slightly inflated uncertainty of ±4%. On the experi-
mental side, we expect a similar precision because of the
large statistical sample at 13 TeV and the fact that exis-
ting measurements at 8 TeV already reach 10% precision
for spin asymmetries [76, 77].
To probe the sensitivity of the two asymmetries to the
dipole couplings we vary C33dW and C
33
uW between [−4, 4]
in steps of 0.5. Hence, we perform 324 computations at
leading order and sub-sequentially fit the results to an
analytic parameterization that is shown in Fig. 3. Inte-
restingly, the functional dependence of the asymmetries
on the dipole operator couplings is opposite: Aθ∗` has a
concave shape (Fig. 3, left) as a function of C33uW and
C33dW , whereas Aα (middle) is convexly shaped. This fea-
ture allows us to combine the two constraints, shown on
the right of Fig. 3, in order to break the (white) invariance
bands of the two separate observables. As a result, both
anomalous operators are clearly bounded in the combi-
nation plot. Moreover, the constraints on C33uW can be
further utilized in conjunction with the bounds obtained
from cross section ratios (Fig. 1, right) as they exclude
almost the entire region of positive C33uW values. Turning
the argument around, two independent measurements of
1) cross section ratios and 2) angular asymmetries can al-
so be used to over-constrain the Wilson coefficient C33uW .
V. SUMMARY
In this paper we investigated the prospects of constrai-
ning electroweak dipole moments of the top quark at the
13 TeV LHC. The SM radiatively generates these coup-
lings through electroweak loop corrections, which turn
out to be too small to be observed at the LHC. This
opens up the possibility to search for sizable deviations
from zero as a way to probe new physics in the top quark
sector.
We considered all anomalous dipole interactions bet-
ween the top quark and the electroweak gauge bosons in
t¯bW , tt¯γ and tt¯Z interactions, and we showed that the
processes pp → tt¯ and pp → tt¯ + γ/Z are ideal probes
for studying them. While these couplings enter simulta-
neously in various places, electroweak gauge symmetries
relate them and lead to only a small number of relevant
operators. In order to constrain and disentangle them,
we propose the study of cross section ratios to make use
of orthogonal sensitivity to anomalous operators entering
tt¯γ and tt¯Z. We carefully investigated the ratios at NLO
QCD and verify a strong reduction of uncertainties re-
lated to parton distribution functions and higher-order
corrections. Experimental systematics such as luminosi-
ty or jet energy scale uncertainties are expected to drop
out as well, yielding true precision observables.
The final results of our study confirm this picture as we
find that 13 TeV data can place firm bounds on the con-
tributing operators. Marginalizing over other operators,
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Abbildung 3: Angular asymmetries Aθ∗
`
(−0.1) (left) and Aα(0.0) (middle) as a function of the two Wilson coefficients in tt¯
production relative to the their SM values. Right: χ2 combination of the two asymmetries assuming an uncertainty of ±4%.
we find sensitivity of C33uW = [−1.2,+1.4] (Λ/TeV)2 and
C33uBφ = [−1.9,+1.2] (Λ/TeV)2 at the 95% CL from com-
bining the cross section ratios, assuming that the theo-
retical accuracy of 3 % is matched by the experimental
one.
We corroborate our results by studying angular asym-
metries in tt¯ production to bound the last opera-
tor in our analysis and find the sensitivity C33dW =
[−2.0,+2.0] (Λ/TeV)2. Since the angular asymmetries
are also sensitive to C33uW , they can yield the indepen-
dent constraint C33uW = [−0.8,+0.1] (Λ/TeV)2 which can
be further used to boost our results from cross section ra-
tios. Altogether, our proposal to construct four precision
observables allows to pin down all of the three anomalous
electroweak dipole operators without a blind direction.
We note that for a 100 TeV pp collider the tt¯Z and
tt¯γ cross sections are about a factor of 30 larger than at
the 13 TeV LHC. Thus, the statistical error will be sub-
dominant only after a few tens fb−1 of integrated lumi-
nosity. In order to fully exploit the potential of a 1 ab−1
data set, the theoretical predictions should be improved
by one order of magnitude. Theoretical control of cross
section ratios at the per-mille level may be possible on-
ce predictions at next-to-next-to-leading order QCD are
available for tt¯+ γ/Z. This does not seem unrealistic on
the relevant time scale and would boost the constraints
by more than 100 %.
Future work on improving our results could be a
more precise understanding of uncertainties of the cross
section ratios. For example, it would be desirable to have
the complete NLO predictions for the tt¯+γ process with
anomalous couplings. A fully realistic analysis also needs
to consider backgrounds which we neglected in this
work. The incorporation of single-top quark processes
into our analysis or more differential observables will
certainly further strengthen sensitivity to new physics.
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